This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. Abstract Background: Several studies have confirmed the role of microRNAs in regulating ischemia/ reperfusion-induced cardiac injury (I/R-I). MiR-17-5p has been regarded as an oncomiR in the development of cancer. However, its potential role in cardiomyocytes has not been exploited. The aim of this study is to investigate the role of miR-17-5p in I/R-I and the underlying mechanism through targeting Stat3, a key surviving factor in cardiomyocytes. Methods: MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5 diphenyl tetrazolium bromide) assay was used to detect the cell viability. ELISA and TUNEL were performed to measure apoptosis of neonatal rat ventricular cardiomyocytes (NRVCs). Infarct area was estimated by TTC (triphenyltetrazolium chloride) and Evans blue staining. Western blot analysis was employed to detect the Stat3 and p-Stat3 levels and real-time RT-PCR was used to quantify miR-17-5p level. Results: The miR-17-5p level was significantly up-regulated in I/R-I mice and in NRVCs under oxidative stress. Overexpression of miR-17-5p aggravated cardiomyocyte injury with reduced cell viability and enhanced apoptotic cell death induced by H 2 O 2 , whereas inhibition of miR-17-5p by its antisense AMO-17-5p abrogated the deleterious changes. Moreover, the locked nucleic acidmodified antisense (LNA-anti-miR-17-5p) markedly decreased the infarct area and apoptosis induced by I/R-I in mice. Furthermore, overexpression of miR-17-5p diminished the p-Stat3 level in response to H 2 O 2. The results from Western blot analysis and luciferase reporter gene assay confirmed Stat3 as a target gene for miR-17-5p. Conclusion: Upregulation of miR-17-5p promotes apoptosis induced by oxidative stress via targeting Stat3, accounting partially for I/R-I.
Introduction
Myocardial infarction is a leading cause of death worldwide, accompanied by apoptosis, cardiac fibrosis, inflammation and pathological remodeling [1] . Reperfusion is the definitive treatment for acute coronary syndromes, especially acute myocardial infarction; however, reperfusion has the potential to exacerbate tissue injury, a process termed myocardial ischemia/reperfusion injury (I/R-I) [2] . Excessive production of reactive oxygen species (ROS) to create oxidative stress is the key damaging factor to the heart during I/R-I, as reoxygenation during reperfusion generates a large amount of ROS as an apoptosis inducer [3] [4] [5] . Though multiple signaling pathways and molecular players are involved in cardiac I/R-I, the precise molecular mechanisms remain incompletely understood.
There is mounting evidence that apoptosis plays a critical role in the evolution of I/R-I and contributes to cardiomyocyte loss in the border zone and in remote myocardium in the early phase, as well as months after myocardial infarction, leading to pathological remodeling and heart failure [6, 7] .
MicroRNAs (miRNAs), a newly discovered class of small non-protein-coding mRNAs, have rapidly emerged as the key player of the regulatory network of gene expression. Through post-transcriptional regulation, these molecules fine-tune the gene expression to define the proteome of a cell to produce diverse cellular functions and well-defined biological phenotypes [8, 9] . Several miRNAs have been implicated in the regulation of pathological and physiological process of heart disease [10] [11] [12] .
MiR-17-5p is a member of miR-17-92 cluster, located on the human chromosome 13q31, which is a polycistronic miRNA gene encoding six miRNAs [13, 14] . Expression profiling studies have revealed widespread overexpression of miR-17-5p in diverse tumor subtypes including both hematopoietic malignancies and solid tumors such as those derived from breast, colon and lung [15, 16] . However, based on the previous studies it appears that miR-17-5p may have distinct effects in different kinds of tumors. MiR-17-5p exhibited oncogenic activity via downregulating retinoblastoma 1, a well established tumor suppressor in thyroid cancer cells [17] . Conversely, in breast cancer, tumor-suppressive effect of miR-17-5p was attributed to directly targeting oncogenes [18] . Moreover, the hearts of miR-17-5p~92-deficient mutant embryos presented a clear ventricular septal defect, indicating a critical role of miR-17-5p~92 miRNAs in cardiac development [19] . Li et al. found that miR-17-5p was activated during kidney ischemia-reperfusion injury in mice [20] . Signal transducer and activator of transcription-3 (Stat3), a key cellular survival factor, plays an important antiapoptotic role in response to oxidative stress [21, 22] . In addition, the 3′UTR of the Stat3 gene containing the predicated target sites for miR-17-5p was identified using several miRNA databases. There is a possibility therefore that miR-17-5p might contribute to shaping the I/R-I via modulating apoptotic cell death through targeting Stat3. However, such a possibility has not been tested.
In this study, we first investigated changes of miR-17-5p expression in a mouse model of I/R-I and a cellular model of oxidative stress induced by H 2 O 2 . We then assessed the effects of miR-17-5p on apoptosis in both in vivo and in vitro models. We finally established Stat3 as a cognate target gene for miR-17-5p. We also revealed that inhibition of miR-17-5p by its specific antisense inhibitor preserved cell survival and rescued cell death in both I/R-I and cellular oxidative stress models.
Materials and Methods

Animals
Adult male C57BL/6 mice used in this study were kept under controlled conditions (humidity: 55 ± 5%; temperature: 23 ± 1 C and a 12-h light/dark artificial cycle). All experimental procedures were in °a ccordance to the Institutional Animal Care and Use Committee of Harbin Medical University, P.R. China. The protocol was approved by the Experimental Animal Ethic Committee of Harbin Medical University. 
Mouse model of myocardial ischemia/reperfusion injury
Thirty healthy adult male C57BL/6 mice were randomly divided into sham-operated and age-matched control, I/R-I, and I/R-I+LNA-17-5p groups. The animals were anesthetized by intraperitoneal (i.p.) injection of pentobarbital (60 mg/kg). The heart was exposed by a left-sided thoracotomy. I/R-I model was established by ligating the left anterior descending artery (LAD) 2-3 mm from the tip of the left auricle using a 7/0 polypropylene suture tied with a plastic cannula for 30 min followed by reopening of the artery for 24 h. The sham animals underwent an identical procedure with a suture placed around LAD but without LAD ligation. The occlusion and reperfusion were confirmed by regional cyanosis of the myocardial surface and ST-segment elevation in lead II of the ECG monitored with subcutaneous stainless steel electrodes. After I/R-I procedure, the air was expelled from the chest and the surgical wounds were sutured closed. To prevent infection, penicillin was applied systemically. Finally, the animals were placed on a heating pad within the cage until full recovery of consciousness [23, 24] . At the end of the myocardial I/R protocols, about 0.5 ml of 5% Evans blue dye (Sigma-Aldrich St Louis, USA) was injected into the vena cava to delineate the region of myocardial perfusion. After remaining blood had been washed out and the right ventricle been trimmed out, the left ventricle was cut into 2-mm-thick slices and stained with 1% triphenyltetrazolium chloride (TTC) for 10 min at 37℃. The infarct area was identified by non-staining region while the live area should turn red. The area at risk (AAR; ischemic area) and infarct area were calculated using the Image ProPlus 5.0 software. The ischemic tissues were collected and stored at -80℃ for later uses.
Synthesis and administration of locked nucleic acid-modified antisense
The antisense sequence of miR-17-5p (LNA-antimiR-17-5p) was synthesized by Exiqon (Denmark) and five nucleotides or deoxynucleotides at both ends of the antisense molecules were locked (LNA; the ribose ring is constrained by a methylene bridge between the 2-O-and the 4-Catoms). The sequence of LNAantimiR-17-5p is 5'-GCACTGTAAGCACTTT-3'. LNA-antimiR-17-5p was intravenously injected via tail vein into mice at a dose of 1 mg/kg two days before cardiac I/R.
Primary culture of neonatal rat ventricular myocytes
Primary neonatal rat ventricular cardiomyocyte (NRVCs) from 1 to 3-day-old SD rats were prepared by trypsin as previously described. Briefly, hearts were removed aseptically from the rats that had been decapitated. Ventricle tissues were cut into small pieces and trypsinized at 37℃ for 10 min, and this procedure was repeated for 4 times. The cell suspension was centrifuged at 1000 rpm for 5 min and resuspended in medium for 2 h. Then the non-adherent cardiomyocytes were removed and plated in 24-well plates with DMEM medium (Invitrogen, Carlsbad, USA) containing 10% fetal bovine serum (Hyclone, Logan, USA), 2 mM L-glutamate, 100 U/ml penicillin G, 100 µg/ml streptomycin, and 0.1 mM bromodeoxyuridine (SigmaAldrich St Louis, USA) at 37°C in 5% CO 2 and 95% air.
Transfection procedure and H 2 O 2 treatment
After starvation in serum-free medium for 12 h, the miRNA and Lipofectamine 2000 (Invitrogen, Carlsbad, USA) were separately mixed with Opti-MEM ® I Reduced Serum Medium (Gibco, New York, USA) for 5 min. Then, the two mixtures were combined and incubated for 20 min at room temperature. Next, the mixtures were added to the cells and incubated at 37°C for 12 h. Finally, 2 ml medium containing 10% FBS was added to the 6-well plates and maintained under the normal cultured condition. H 2 O 2 (100 µM) was added to cells and incubated for 12 h.
Luciferase reporter gene activity assay
The 3′UTR of Stat3 gene containing the predicated target sites for miR-17-5p was obtained by PCR amplification. The fragment was inserted into the multiple cloning sites in the pMIR-REPORT luciferase miRNA expression reporter vector (Ambion, Austin, USA). HEK-293 cells were co-transfected with 0.1 µg of luciferase reporters containing Stat3 3′UTR and miR-17-5p mimics by Lipofectamine 2000 (Invitrogen, Carlsbad, USA). We harvested the cell lysates after 48 h transfection and measured the luciferase activity with a dual luciferase reporter assay kit according to manufacturer's instruction. Du 
Real-time RT-PCR
Total RNA samples from heart tissues and cultured cells were extracted using Trizol reagent (Invitrogen, Carlsbad, USA). RNA (0.5 μg) was then reverse-transcribed using high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, USA) to obtain first-strand cDNA. MiR-17-5p level was quantified by the mirVana qRT-PCR miRNA detection kit (Ambion, Austin, USA) in conjunction with realtime PCR with SYBR Green as described previously [25] . After circle reaction, the threshold cycle (Ct) was determined and relative miR-17-5p level was calculated based on the Ct values and normalized to U6 level in each sample [26] .
MTT Assay
MTT assay was used to evaluate survival of cells with miR-17-5p or H 2 O 2 treatment. The cells were plated at 10,000 cells per cm 2 in 96-well plates. After treatment, 20 µl of MTT (Sigma-Aldrich St Louis, USA) was added to each well, and incubated with the cells for 4 h at 37°C. The supernatant was removed and the cell layer was dissolved in 150 µl DMSO. The plate was shaken for 15 min for solubilization of crystals and the optical density of each well was determined using a model 680 microplate reader at 490 nm (Bio-Rad, Hercules, USA) [27] .
Apoptosis analysis
Apoptosis of cardiac myocytes was detected by staining mouse heart cryosections or culture cells with the TUNEL fluorescence FITC kit (Roche, Indianapolis, USA). Quantification of DNA fragment (by measuring optical density) was performed by enzyme-linked immunosorbent assay (ELISA) on the basis of antibody detection of free histone and fragmented DNA. After TUNEL staining, the heart sections or cells were immersed into DAPI (Sigma-Aldrich, St Louis, USA) solution to stain nuclei. Fluorescence staining was viewed by a laser scanning confocal microscope (FV300, Olympus, Tokyo, Japan).
Western blot analysis
Total protein sample was extracted from the tissues or the cultured cells with the procedures as described in detail [25] . Briefly, protein samples (80 µg) were separated in SDS-PAGE and blotted to nitrocellulose membrane. The membrane was incubated with primary antibodies including Stat3 (Cell Signaling Technology, Boston, USA), p-Stat3 (phospho-Stat3 at Tyr 705; Cell Signaling Technology, Boston, USA) and β-actin (Kangcheng Shanghai, China), and then secondary antibodies (Alexa Fluor; Molecular Probes, Eugene USA). The bands were quantified using Odyssey v1.2 software (Gene Company Limited, Hong Kong, China) by measuring the band intensity (area×OD) for each group and normalizing to β-actin as an internal control.
Statistical analysis
All data are presented as mean ± SEM. One-way ANOVA followed by Bonferroni or Dunnett's post hoc test was used for multiple comparisons and Student's t-test for two-group comparisons as appropriate. A two-tailed p < 0.05 was considered statistically significant. Data were analyzed using the GraphPad Prism 5.0 software.
Results
Reciprocal changes of expression between miR-17-5p and Stat3 in response to I/R-I or H 2 O 2 damage
Significant upregulation of miR-17-5p expression was observed in mouse myocardium with I/R-I compared with the sham group (P < 0.05) (Fig. 1A ). Intriguingly, Stat3 protein level was found consistently down-regulated in I/R-I (Fig. 1B) , which was opposite to the changes of miR-17-5p.
Such changes in miR-17-5p and Stat3 protein levels were reproduced in a cellular model of oxidative stress, established by treating NRVCs with H 2 O 2 (100 µM) for 12 h (Fig. 1C & 1D) .
The inverse changes of miR-17-5p and Stat3 protein levels suggested a possible targeting relationship between miR-17-5p and Stat3 and the involvement of these molecules in I/R-I Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry associated with increased oxidative stress. These points were confirmed by the following experiments.
Overexpression of miR-17-5p aggravates cardiomyocyte apoptosis induced by H 2 O 2
Our results with MTT assay showed that transfection of miR-17-5p alone into NRVCs did not affect cell viability under normal conditions ( Fig. 2A) . In line with these observations, TUNEL assay also demonstrated the lack of ability of miR-17-5p to induce apoptotic cell death (Fig. 2B) . However, H 2 O 2 (100 µM) reduced cell viability and miR-17-5p significantly exaggerated this detrimental change (Fig. 2C ). In accordance with this effect, miR-17-5p also promoted oxidative stress-induced apoptosis of NRVCs, as reflected by enhanced DNA fragmentation determined by both TUNEL and ELISA assays (Fig. 2D & 2E) . Notably, inhibition of endogenous miR-17-5p by AMO-17-5p produced the opposite effect to miR-17-5p: partially rescued the cell death induced by H 2 O 2 . And co-transfection of miR-17-5p with AMO-17-5p antagonized the apoptosis-promoting effect of miR-17-5p, indicating the specificity of miR-17-5p actions (Fig. 2D & 2E) . The cytoprotective effect against apoptotic cell death induced by H 2 O 2 could be attributed to the knockdown of miR-17-5p expression (Fig. 2F) .
Inhibition of miR-17-5p attenuates I/R-I
TUNEL staining confirmed the presence of apoptotic cells in a mouse model of I/R-I (Fig.  3A) . If miR-17-5p plays a role in I/R-I, then inhibition of this miRNA should ameliorate it. To this end, we administered the LNA-antimiR-17-5p into mice through tail vein injection two 
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). This beneficial effect of LNA-antimiR-17-5p could well be ascribed to its anti-apoptotic action via antagonizing miR-17-5p as the proportion of cells with positive TUNEL staining was substantially decreased by LNA-antimiR-17-5p in I/R-I mice (Fig. 3A) .
Repression of Stat3 expression by miR-17-5p in a mouse model of I/R-I
As described in an earlier section, miR-17-5p and Stat3 demonstrated reciprocal changes in their levels in I/R-I mice and NRVCs under oxidative stress, indicating a targeting relationship between these two molecules. Indeed, by computational prediction using miRNA databases, we identified two miR-17-5p seed motif-matching sites with favorable energy profiles in the 3'UTR of Stat3 (Fig. 4A) . Stat3, a cellular survival factor, is increased in response to oxidative stress and plays an important antiapoptotic role in cardiomyocytes [28] . In our previous study, we identified a population of cells bearing higher resistance to apoptosis and found that the cells that survived from apoptotic insults had markedly higher levels of Stat3 [29] . To experimentally establish Stat3 as a target gene for miR-17-5p, we performed luciferase reporter activity assay in HEK293 cells with the vectors engineered to carry the 3'UTR of Stat3. Transfection of miR-17-5p reduced luciferase reporter activity (Fig.  4B) . Co-transfection with the AMO-17-5p reversed the inhibitory effects and application of the AMO-17-5p alone to knockdown endogenous miR-17-5p increased luciferase activity (Fig. 4B) . The targeting was confirmed at the protein level by Western blot analysis in NRVCs, in particular, transfection of miR-17-5p markedly decreased Stat3 protein level and this effect was abolished by AMO-17-5p. In addition, transfection of AMO-17-5p alone significantly increased Stat3 protein expression (Fig. 4C) . These results demonstrated Stat3 was a direct target of miR-17-5p and the detrimental action of miR-17-5p in I/R-I and H 2 O 2 -treated NRVCs might well be conferred by this targeting relationship.
Stat3 is a transcription factor that is activated by a wide variety of external stimuli, including cytokines, hormones, growth factors, and translocated to the nucleus leading to activation of gene transcription, such as Bcl-2 and Mcl-1 [21] . Activation of Stat3 by phosphorylation (p-Stat3) attenuates I/R-induced mitochondrial oxidative damage after 5p. The oncogenic activity of the miR-17-92 cluster is ascribed to downregulation of tumor suppressors retinoblastoma 1 and the cell cycle inhibitor P21, as well as the pro-apoptotic inhibitor Bim [33] . On the other hand, a few studies suggested the opposite: miR-17-5p could also act as a tumor suppressor through targeting E2F, a potent oncogene promoting cell cycle progression by targeting downstream regulators [34] [35] . Notably miR-17-5p was found activated during the recovery phase of kidney I/R in mice [20] .
In this study, we demonstrated that miR-17-5p was upregulated under I/R-I and oxidative stress and this upregulation promoted I/R-I or oxidative stress-induced apoptotic cell death. Furthermore, knockdown of endogenous miR-17-5p by LNA-miR-17-5p or AMO-17-5p consistently reduced the cardiomyocyte apoptosis and death in response to I/R. The mechanism for the pro-apoptotic property of miR-17-5p is likely due to the gene targeting of the cell survival mediator Stat3.
It is known that activation of Stat3 by phosphorylation increases cell survival and resistance to apoptosis in response to various cytokines and stress stimuli. The cytoprotective effect is ascribed to the pro-transcription activity of Stat3 for downstream molecules, including Bcl-2 family proteins and Mcl-1 which in turn produce anti-apoptotic effects [36] . Dziennis et al. observed accumulation of p-Stat3 in the peri-infarct region after treating with estradiol inhibited cerebral ischemic damage in oophorectomy rats [37] . We have previously demonstrated that transactivation of Jak2/Stat3 under oxidative stress confers cells higher resistance to apoptosis, whereas knockdown of Stat3 by siRNA or inhibition of Stat3 activity promotes H 2 O 2 -induced cardiomyocyte injury [29] . In the present study, we have experimentally established Stat3 as a direct target gene for miR-17-5p. Overexpression of miR-17-5p significantly reduced p-Stat3 level in both in vivo setting with a mouse model of I/R-I and in vitro setting with a cellular model of oxidative stress. Co-application of AMO-17-5p prevented this downregulation.
Apoptosis is an essential process for developmental morphogenesis by regulating cell homeostasis and tissue remodeling in organisms and thus can be considered as a physiological regulator of cell density. Nonetheless excessive apoptotic cell death is deemed to cause pathogenesis of degenerative diseases like myocardial infarction, failing heart, atherosclerotic arteries and hypertensive vessels, and Alzheimer's disease and other neurodegenerative disorders [38] . The heart is composed of post-mitotic cells that cannot divide and new cardiomyocytes cannot be regenerated. Under such a circumstance, preserving cells that can survive from apoptotic injuries become the only hope for delaying pathological processes associated with cell death. Indeed, cells of even the same histological origins possess different susceptibility or resistance to apoptotic insults; some can tolerate more severe apoptotic induction and some cannot. This property is important for normal morphogenesis during development and for abnormal loss of cells during pathogenesis. Obviously, understanding signal transduction processes in cells that survived from apoptotic injuries is of crucial importance to develop better strategies of preserving cells with apoptosis resistance.
Collectively, our findings revealed that miR-17-5p mediated the apoptotic signal of oxidative stress and contributed to the I/R-I and possibly to other pathological conditions as well associated with oxidative stress such as heart failure. Furthermore, our results suggest that precaution should be taken when using this miRNA as a target for anti-cancer therapy for they may cause cardiac complications.
